We report on i-band snapshot observations of 157 Sloan Digital Sky Survey (SDSS) quasars at 4 < z < 5.4 using the Advanced Camera for Surveys on the Hubble Space Telescope (HST) to search for evidence of gravitational lensing of these sources. None of the quasars appear to be strongly lensed and multiply imaged at the angular resolution (∼ 0.
Introduction
Investigations of multiply-imaged high-redshift quasars are important for our basic understanding of the formation and growth of supermassive black holes in galactic centers (Turner 1991; Haiman & Loeb 2001) and the ionization state of the universe as a function of time (Madau, Haardt, & Rees 1999; Wyithe & Loeb 2003a) . Gravitational lensing changes the apparent flux coming from a quasar and thus changes our interpretation of fluxdependent properties; the discovery that a given quasar is gravitationally lensed means that the naively estimated luminosity is too high. Thus, gravitational lensing would modify the expected size of ionized (H II) regions around individual quasars (Cen & Haiman 2000) and would weaken the lower limits on the neutral fraction in the IGM as inferred from the size of H II regions (Wyithe & Loeb 2004; Mesinger & Haiman 2004 ). This paper concentrates on the effect that gravitational lensing has on the apparent shape of the quasar luminosity function (Comerford, Haiman, & Schaye 2002; Wyithe & Loeb 2002; Fan et al. 2003) . In a previous paper (Richards et al. 2004 , hereafter Paper I) we investigated whether the known z ∼ 6 quasars are gravitationally lensed and discussed how the lack of lenses in this sample affects our understanding of the growth of black holes in the early universe (e.g., Haiman & Loeb 2001 ) and the ionization history of the universe at the end of the reionization period (e.g., Fan et al. 2002) . In this paper, we examine the constraints that can be placed on the intrinsic slope of the quasar luminosity function (QLF) at z ∼4-5 from a search for gravitational lenses in a sample of z ∼4-5 quasars Anderson et al. 2001; Schneider et al. 2001; Schneider et al. 2005) in the Sloan Digital Sky Survey (SDSS; York et al. 2000) .
Much theoretical effort has been devoted to placing constraints on the slope of the quasar luminosity function from the fraction of lenses found amongst high-z quasars (e.g., Comerford et al. 2002; Wyithe & Loeb 2002) . Comerford et al. (2002) showed that modest constraints could be obtained from a sample of ∼ 20 z ∼ 6 quasars from ground-based imaging (i.e., sensitive to ≥ 1 ′′ splittings), and that similar limits could be derived from Hubble Space Telescope (HST) resolution imaging of the (then) four known z ∼ 6 quasars. Paper I presented HST imaging showing that none of those four quasars are strongly gravitationally lensed and derived a limit on the slope of the bright end quasar luminosity function of β > −4.63(3σ). Wyithe (2004) found even stronger constraints for this sample by including the observation that two quasars appear to be lensed by foreground galaxies but are not multiply imaged.
These limits come from magnification bias (Turner, Ostriker, & Gott 1984; Narayan 1989) , which would be strong if the slope of the QLF were steep and there were many quasars with intrinsic luminosities below the detection threshold. As discussed in Paper I, the expected fraction of multiply-imaged quasars at a given redshift depends both on the cosmological model and on the luminosity function of quasars. In the WMAP cosmology (Spergel et al. 2003 , using a halo distribution taken from the large N-body simulations of Jenkins et al. 2001) , the fraction of random lines of sight out to z = 4 that produce multiple images at all splitting angles is of order 0.2%; this fraction rises to ∼ 0.4% at z = 6. If the intrinsic (unlensed) QLF has a break in slope, then, in general, the fraction of lensed quasars would increase for apparent fluxes above the break. In a flux-limited survey, there is a strong correlation between luminosity and redshift. If the true QLF possesses a break which moves to fainter luminosities at higher redshift, then the most distant quasars (which also look through the longest path length) are expected to be the most likely to be lensed. More explicitly, in the event that no lensing is observed, Paper I showed that the tightest constraints on the QLF slope come from z ∼ 6 quasars, and also that roughly seven z ∼ 4 quasars have the same statistical power as a single z ∼ 6 quasar. Herein we present the results for a sample of 157 z ∼ 4 quasars from the SDSS that were imaged with HST; we find that none of these sources is lensed. As predicted, these quasars provide a constraint on the slope of the QLF that is roughly equivalent to HST imaging of 22 z ∼ 6 quasars, limiting the bright end slope of the z = 4-5 QLF to β > −3.8(3σ).
Section 2 describes the sample and the data. In § 3 we discuss the constraints on the QLF that can be derived from the data. We summarize in § 4. Throughout this paper, we adopt the WMAP cosmology with Ω m = 0.3, Ω Λ = 0.7, H 0 = 70 km s −1 Mpc −1 , an rms mass fluctuation within a sphere of radius 8 h −1 Mpc of σ 8 = 0.9, and power-law index n = 0.99 for the power spectrum of density fluctuations (Spergel et al. 2003) . We also adopt the cosmological transfer function from Eisenstein & Hu (1999) . Conversions between M B and M 1450 assume M B = M 1450 − 0.48 (Schmidt, Schneider, & Gunn 1995) with spectral index
The Data

Observations and Data Processing
There were 281 SDSS quasars with z ≥ 4.0 as of January 2002 Zheng et al. 2000; Fan et al. 2001a; Schneider et al. 2001; Anderson et al. 2001) , when the sample was defined. Most of these were included in SDSS spectroscopy, but several were discovered as part of early follow-up spectroscopy on the ARC 3.5m telescope and other telescopes (e.g., Fan et al. 1999) , including some that have not yet been published. We were granted the opportunity to observe 250 of these in HST snapshot mode; we did so by including in the sample all quasars with z ≥ 4.6, and all quasars with 4.0 < z < 4.6 with i < 20.3.
Snapshot observations are carried out with the understanding that not all objects will be observed. In this context, we were able to give objects priorities for being observed. We put the 48 objects with absolute 1450Å magnitude less than −29, and/or with z > 5 at highest priority, and those with M 1450 > −27.95 at lowest priority. All remaining objects, and those with 4.7 < z < 5, were placed at medium priority. At the end, 161 objects were observed (of which four were presented in Paper I): 48/48 of the high-priority objects, 97/154 of the medium priority objects, and 16/48 of the low-priority objects.
The four z > 5.7 quasars included in our HST snapshot program were presented in Paper I. In this paper, we describe the results of imaging of 157 SDSS quasars with 4 < z < 5.4; see Table 1 . For the sake of completeness, we also tabulate those 89 sources that were included in our sample, but were never observed by HST, see Table 2 . Seven objects in Table 1 and five objects in Table 2 are previously unpublished.
Images of the 157 quasars were acquired with the High Resolution Camera (HRC) on the Advanced Camera for Surveys (ACS). Observations were taken in the SDSS i-band (F775W). The Wide-Field Camera on ACS has higher sensitivity in i than does the HRC, but has substantially higher overhead and is mildly undersampled. The exposure times were 640 seconds for each object, 320 seconds in each of two exposures to help in cosmic ray rejection.
The data processing was discussed in detail in Paper I, but we briefly review the process here. The raw images were calibrated by the CALACS package in IRAF 2 as part of onthe-fly-reprocessing (OTFR) at the time of download. The images that we present are the "cosmic ray rejected" (CRJ) images that are output by the OTFR algorithms at STScI. The CRJ files have all been reduced in the standard manner, including having been overscan-, bias-and dark-corrected, flat-fielded and photometrically calibrated, in addition to having bad pixels masked and cosmic rays removed (see the ACS manual 3 for more details).
Subtracting the Point Source and Looking for Multiple Images
HST resolution data are needed for this project as the median expected splitting of gravitationally lensed quasars is predicted (and observed) to be somewhat less than 1 ′′ (Turner et al. 1984; Hinshaw & Krauss 1987; Browne et al. 2003 ) and the SDSS images themselves have point-spread-function (PSF) widths of order 1 ′′ − 1. ′′ 8 (Abazajian et al. 2003) with an image scale of 0.
′′ 396 pixel −1 . Our ACS images, on the other hand, have an image scale of 0. ′′ 025 pixel −1 and the point spread function is narrow enough that any lens with a separation greater than ∼ 0. ′′ 2 will be obvious by visual inspection, as we show explicitly in Paper I. These observations should therefore be sensitive to essentially all expected lenses.
We search for faint secondary images at separations smaller than a few tenths of an arcsecond by fitting and removing a model for the point spread function of each image. We use version v6.1 (which includes on-orbit updates for ACS) of the Tiny Tim software (Krist 1995) 4 , which produces a model PSF for the instruments on HST given the object's (observed) spectral energy distribution and position in the focal plane, the filter curve, and knowledge of the optics of the instrument. We fit the PSF model to each CRJ image, allowing the location on the CCD and normalization to vary, and using sinc interpolation when shifting the model PSF by fractional pixels. Example PSF-subtracted images are shown in Figure 1 . Each of the images shows the familiar first Airy ring; on a very hard stretch, the second Airy ring is faintly visible.
As discussed in Paper I, for a secondary image offset by 0.
′′ 1 with a flux ratio of 10:1, the secondary object is visible as an enhancement in the first Airy ring of the primary object; it becomes clear upon PSF subtraction (Fig. 1) . With a flux ratio of 100:1, we cannot discern a pair with 0.
′′ 1 separation even after subtraction of the PSF; however, even if we were able to do so, it would not significantly improve the constraints that we derive below since most split images will have larger image separations.
None of our 157 targets appears to be gravitationally lensed. Figure 1 shows only the ten objects (both with and without PSF subtraction) which displayed any hint of a second object within the 5 ′′ field of view. Based on their brightness and morphology, these secondary objects are most likely to be galaxies along the line of sight to the target objects or (in some cases) uncorrected cosmetic defects.
Accounting for Extended-Source Selection Effects
Since a gravitationally lensed pair of quasars with separation roughly comparable to the seeing size may be classified as extended (rather than point) sources, we must account for the effect that a morphological selection criterion has on our analysis. For the very highest redshift (z 5) quasars found from SDSS imaging (e.g., Fan et al. 2001a , and references therein), there is no selection bias against lensed quasars since no morphology restriction was imposed. However, for somewhat lower redshift sources, which were selected with the automated pipeline (Richards et al. 2002) , there is a strong bias against high-z (z 3) quasars that appear extended (whether due to lensing or errors in morphological classification as a result of low S/N). This bias is intentional; the survey cannot afford the fibers that would be needed to explore all of the extended sources in the high-z quasar portion of the SDSS color-color diagram. The vast majority of these objects are faint moderate-redshift (0.4 < z < 1) galaxies.
As discussed in Paper I and Pindor et al. (2003) , in order to test the ability of the SDSS photometric pipeline to identify quasar pairs, we created simulated SDSS images of pairs of point sources in these observing conditions and at the appropriate signal-to-noise ratio. The SDSS star-galaxy separator would have classified as a galaxy, and hence excluded from the spectroscopic sample, any pair of point sources having both an image separation ∼ 1 ′′ < ∆θ <∼ 2 ′′ , and a flux ratio less than ∼ 5:1. Thus the SDSS data are suitable for exploring only a fraction of the parameter space of lensing (in terms of separations and flux ratios) that is of interest.
The morphological selection likelihood depends on the luminosity and on the assumed lensing flux ratio and splitting angle, for any given individual quasar. We therefore fold this bias into our probability calculations below on an object-by-object basis. For a given quasar in our sample that has an apparent magnitude of i s at redshift z s , and for a given hypothesized magnification factor µ s (which, for a singular isothermal sphere [SIS] , implies a flux ratio of (µ s + 2)/(µ s − 2)) for a lensing halo of mass M (which determines the splitting angle θ s ), we compute the probability P s (i s , z s , µ s , M) that the object would have been classified as extended and discarded by the photometric pipeline.
To compute the impact of the selection on our final constraints, we compute the product of the selection likelihood with the expected lensing probability, which gives the probability that this quasar would have been selected by SDSS and strongly lensed:
, where P lens,0 is the probability of multiply-imaged lensing in the absence of any other selection effects. Finally, we integrate this product over all combinations of magnifications and lensing halo masses that yield two detectable images with HST. We find that typically the inclusion of the morphological selection reduces the total lensing probability by a factor of three (i.e., the value of the above-defined integral would be three times larger if the factor P s (i s , z s , µ s , M) was excluded). More specifically, we find that only ∼ 1/3 of true lenses would have made it into our sample, with ∼ 2/3 being classified as extended sources. In Table 1 , we list the overall lensing probability for each source. Sixteen of the 157 sources were selected without regard to morphology (as indicated in Table 1 ); we therefore did not apply the selection function to these objects.
We note that there is a further possible selection effect due to the fact that PSF magnitudes do not contain 100% of the flux from a gravitationally lensed pair of images, hence effectively reducing the magnification bias. This effect turns out to be less significant, partly because those lensed objects for which it would be most important are already removed from the sample by the star-galaxy morphological bias. Overall, we find the effect is likely to shift the luminosity scale by ∼0.1 magnitudes or less, and we ignore it in what follows.
Constraining the Slope of the Quasar Luminosity Function
As discussed in Paper I, existing constraints on the high-redshift QLF are limited by sample size and to the most luminous objects. Schmidt et al. (1995) , using a set of 90 quasars with 2.7 < z < 4.8, found a power-law luminosity function slope (β) of roughly −2. Fan et al. (2001b) measured β ≈ −2.5 ± 0.3 from 39 quasars in the redshift interval 3.6 to 5.0. However, this relatively shallow apparent slope does not necessarily represent the intrinsic slope of the QLF, which is expected to be much steeper if a substantial fraction of these quasars are magnified by lensing (e.g., Schneider, Ehlers, & Falco 1992) .
In line with Paper I and previous work, we describe the intrinsic (not necessarily observed) quasar luminosity function as a broken power law (e.g., Boyle, Shanks, & Peterson 1988; Pei 1995) :
The QLF is described by four parameters: the normalization Φ * , the faint-end slope β l , the bright-end slope β h , and the characteristic luminosity L * at which the QLF steepens. The lensing probability is most sensitive to the last two parameters, β h and L * . The faint end slope has negligible impact on our analsysis and we set it to β l = −1.64 (e.g., Pei 1995).
We apply the lensing model from Comerford et al. (2002) , in which lenses are associated with dark matter halos, to compute the total lensing probability, including the effect of magnification bias. In this model, the abundance of halos as a function of potential well depth is adopted from the simulations of Jenkins et al. (2001) . As discussed in Paper I, we assume that all halos below M ≈ 10 13 M ⊙ have SIS profiles (adopting a standard conversion between circular velocity and halo mass), while all halos above this mass follow the dark matter density profile suggested by Navarro, Frenk, & White (1997, hereafter NFW) . NFW profiles are much less efficient lenses than are SIS profiles. This prescription is essentially equivalent to ignoring all lenses above a halo mass of 10 13 M ⊙ , as the massive halos do not contribute to lensing at small separations. We do not include here more complex lens models, such as those including external shear or ellipticity. As discussed by Keeton, Kuhlen, & Haiman (2005) , such models can, in general, boost the lensing probabilities (although that paper considered in detail only the boost that can occur for singly-imaged lensing probabilities).
In the case of β h = −3.8 and M * 1450 = −24.52, the mean probability for lensing is about 4% for each source. The morphology selection effect causes this mean probability to be reduced by about a factor of 3 (as discussed above). In Table 1 we list each of the quasars that were observed by HST and list their lensing probabilities, which vary relatively little from source to source. The median redshift of the sample is z = 4.35.
The lack of lenses among these 157 quasars allows us to place constraints on the QLF at high redshift, shown in Figure 2 . The lensing probability is a function of both the break and the faint-end slope. Assuming a break of M * B = −25.0 (M * 1450 = −24.52), the above lensing probabilities yield a 3-σ constraint on the bright end slope of β > −3.8.
5 Note that we have used a somewhat brighter break luminosity than we did in Paper I for the z ∼ 6 quasars as the characteristic luminosity is thought to evolve with redshift. Since this choice of break luminosity is somewhat arbitrary (as it is an extrapolation from low-redshift and the QLF may not even exhibit a strong break at high-z), we also show the constraints on β as a function of break luminosity in Figure 2 .
Finally, it is useful to consider constraints that we can place on the underlying lensing halo population. Without any magnification bias, the total optical depth to multiply-imaged lensing at z ∼ 4.5 is only 0.25 percent, which is reduced by the SDSS morphological selection to 0.08 percent. This makes the lack of lenses among our 157 sources unsurprising. We find that to reduce the probability of not finding even one lens in the whole sample, the singleobject lensing probability must be boosted by a factor of about 40 (this is essentially the typical magnification bias produced by the model QLF we constrain at 3σ). As a result, we rule out (at 3σ confidence) lensing models in which there are ∼ > 40 times more galaxies than implied by the halo mass function we adopted from Jenkins et al. While this is a weak constraint, it is still the best direct limit on the number density of M ∼ 10 12 M ⊙ halos at 1 < z < 2 (the redshift and mass range dominating the expected lensing probability; see Figure 1 in Comerford et al. 2002) .
Discussion and Conclusions
Constraining the high-z QLF slope is particularly important to understand the roles of accretion and feedback in the growth of galaxies (e.g., Silk & Rees 1998; Fabian 1999; Wyithe & Loeb 2003b; Hopkins et al. 2005a ). For the most luminous quasars with z 2.5 (i.e., the redshift at which the quasar comoving density peaks), the bright end slope has been shown to be β ∼ −3.3 (Croom et al. 2004; Richards et al. 2005) . For the most luminous quasars at z > 4, the measured slope is β ∼ −2.5 . While the slope of the QLF has been well measured, understanding the physical processes behind the QLF and its evolution are still open questions and various explanations have been proposed. Wyithe & Loeb (2003a) suggest that feedback mechanisms may prevent the gas in the most massive dark matter halos from collapsing at low-z, suppressing the number of luminous lowz quasars relative to high-z. Alternatively, in the model of Hopkins et al. (2005a Hopkins et al. ( , 2005b , the bright end of the QLF is defined by near-Eddington accretion at the peak luminosity in the history of a quasar, whereas the faint end slope may be due to sub-Eddington accretion. Tighter limits on the bright end slope of the high-redshift QLF provide important constraints that any such models must account for.
In this work, we have obtained high resolution HST images of 157 4 < z < 5.4 redshift quasars (known prior to September 2001) to look for the signature of gravitational lensing. We have found no evidence of multiple images, significantly limiting the amount by which these quasars can be magnified by foreground mass concentrations (in the absence of microlensing). The lack of any strong lenses puts a 3σ constraint on the intrinsic bright end slope of the z =4-5 luminosity function of β h > −3.8. Our sample has a strong bias against pairs with θ > 1 ′′ due to the exclusion of objects which appear extended in SDSS images. We are currently exploring methods for cleanly selecting such wide separation pairs from the SDSS imaging data.
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